Abstract Polydimethylsiloxane-poly(methacrylic acidhydroxyethyl methacrylate) interpenetrating polymer networks (PDMS-P(MAA-HEMA) IPN) were formulated and polymerized simultaneously from bicontinuous microemulsion templates. Microemulsions containing reactive silicone oils and MAA/HEMA in aqueous solution were stabilized with silicone surfactants, and were then reacted at 50°C for 3 h under an N 2 atmosphere. The formation of bicontinuous morphology was confirmed by laser scanning confocal microscopy, reversible swelling behavior, differential scanning calorimetry, texture analysis, and permeability to vitamin B 12 in aqueous solution. Incorporating polymerizable surfactants into the microemulsion aided in stabilizing the initial microemulsion structure during polymerization, yielding a more uniform IPN morphology with domain sizes of <200 nm at equilibrium swelling. The process developed here demonstrates a simple, single-step polymerization approach to forming IPNs from low viscosity microemulsion templates, and could potentially be extended to a variety of hydrophilic and hydrophobic monomers.
Introduction
Interpenetrating polymer networks (IPN) are formed from two or more cross-linked polymer networks that are physically entangled but not covalently linked. The resultant properties reflect those of the original components to a greater degree than synthesis by statistical copolymerization. Though each component may not necessarily be continuous, this structure allows for the networks to be combined on a range of scales, with the resulting material having some combination of chemical and physical properties of the original polymers [1] . For example, this technique can apply the mechanical strength, hydrophilicity/hydrophobicity or lubricity of one component to support a second component. IPNs are conventionally formed through sequential or simultaneous polymerization. Sequential polymerization is primarily used to combine materials requiring incompatible polymerization environments or techniques. The "host" polymer is prepared first, and is then swollen with "guest" monomers and crosslinkers. The result is that the host polymer is likely to form the continuous phase, and the structure of the guest monomer is constrained by the high viscosity polymerization environment. Simultaneous polymerization, where multiple sets of monomers, crosslinkers, and activating agents are pre-mixed, is limited to formulations with non-interfering reactions [1, 2] . The morphology of the IPN is dependent on several key factors, such as the compatibility of the polymers and polymerization reactions, the scale of mixing, and the kinetics of each reaction. Compatibility issues such as co-solubility and relative hydrophobicity between the polymers are major constraints in IPN formation, as well as the complexity of the synthesis. These issues are particularly evident when trying to polymerize networks of hydrophobic and hydrophilic polymers simultaneously [3] [4] [5] [6] [7] .
IPNs of silicone rubbers and hydrogels are of particular interest as biomaterials, as they combine the elasticity and gas transport properties of a silicone phase with the tunable aqueous transport properties of a hydrogel [2] . The IPN is commonly formed via sequential polymerization, with the silicone rubber acting as the host material. PDMS-PHEMA networks reported by Abbasi et al. [8] and PDMS-PVA networks reported by Pavlyuchenko et al. [9] were formed in this way. This method also allows for the inclusion of functional and responsive hydrogel elements. For example, thermoreversible PDMS-poly-N-isopropylacrylamide (PNIPAAM) IPNs were formulated by Liu et al. [10] . Similarly, Turner et al. [11, 12] synthesized pH-responsive PDMS-PMAA IPNs and achieved bicontinuous morphologies by controlling the chemical potential of the guest MAA monomer in the PDMS pre-IPN film.
An interesting alternative to the sequential methods presented above is the use of bicontinuous microemulsions as low viscosity templates for the desired IPN morphology. Microemulsions are nanostructured systems containing oil and aqueous domains stabilized by surfactant. The structures are typically identified as oil in water (micelles), water in oil (reverse micelles), or bicontinuous. In a bicontinuous microemulsion, both phases are continuous and interpenetrating with each other. The nanostructure is dependent on equilibrium phase behavior, which in turn can be controlled by varying composition and temperature [13] [14] [15] [16] . Most importantly, this controllable nanostructure is readily exploited as a platform for chemical reactions, including polymerization [17] [18] [19] . Each phase domain essentially acts as a self-contained vessel, providing distinct reaction environments at the nanoscale. Chow and Gan [20] have provided an extensive review of techniques for controlling microemulsion phase behavior to generate reaction templates and polymers. Several groups have also investigated polymerization of hydrocarbon monomers. However, studies to date have generally focused on polymerization in the aqueous phase [20] [21] [22] [23] [24] [25] .
While microemulsion templates theoretically allow for controllable domain size and structure, practical limitations to the polymerization process have thus far restricted the range of structures that can be produced. Most importantly, the polymerization itself disrupts the thermodynamic equilibrium that resulted in the original template [26, 27] . There are several possible approaches to the problem of shifting equilibrium structures and polymerization time scales, with current efforts focused on stabilizing the original structure during polymerization by immobilizing one or both phases, analogous to sequential polymerization. To obtain a polymer morphology templated on the microemulsion using simultaneous polymerization, the structure should be quenched faster than the rate at which the microemulsion reequilibrates in response to shifting conditions. Polymerizable surfactants can strengthen and preserve the interfacial layers in micellar microemulsions [28] . In polymerization attempts by Gao [29] , the aqueous phase consisted of a concentrated sucrose/trehalose dihyrdrate solution, resulting in bicontinuous domains of monomer and glassy sugar that yielded a near 1:1 replica of the template when polymerized. Stubenrauch et al. [30, 31] and Magno et al. [32] have stabilized a bicontinuous microstructure containing NIPAAM in aqueous solution by forming an organogel from the oil phase as a template/scaffold. These techniques have proven effective in preserving microemulsion structure. The use of polymerizable acrylic surfactants in producing bicontinuous microemulsion hydrogels has been disclosed by Acosta, Brooks et al. [33] , and the specific system of monofunctional surfactants with HEMA and PDMS has been recently reported by Brooks et al. [34] .
In this work, we report the simultaneous polymerization of PDMS/P(MAA-HEMA) IPNs templated on bicontinuous microemulsion microstructure with and without incorporating polymerizable difunctional and multifunctional silicone surfactants. We have reported the phase behavior of microemulsions containing silicone oil, silicone alkyl polyether surfactants, and an aqueous solution of MAA and HEMA [35] . By characterizing the effects of each component on the phase behavior, we are able to identify compositional ranges that are suitable as potential polymerization templates. In the current work, microemulsions with the desired morphology are first prepared using low viscosity prepolymer and monomer solutions, and are then polymerized and cross-linked simultaneously. The process is intended to provide a simpler approach to forming IPNs with interpenetration at the near molecular level, and from a wide range of monomers. The IPNs produced from microemulsion templates expands on the classical definition of IPNs to a scale of entanglement at the level of groups of polymer chains, as opposed to molecular or chain-level entanglement. In addition, we investigate the hypothesis that polymerizable surfactants can be used to preserve a bicontinuous microemulsion structure to a greater degree than non-reactive surfactants. Model systems containing silicone oil, MAA and HEMA in aqueous solution, and either silicone alkyl polyether or acrylate-functional silicone surfactants were formulated. The polymers produced were characterized by laser scanning confocal microscopy (LSCM), differential scanning calorimetry (DSC), swelling behavior, and permeability.
Experimental
Materials MAA (99 %), HEMA (97 %), and triethylene glycol dimethacrylate (TEGDMA, 97 %) were obtained from Sigma Aldrich and purified by vacuum distillation. Vitamin B 12 (VB12) and fluorescein (sodium salt) were also obtained from Sigma Aldrich, and used as provided. A 10 N sodium hydroxide solution was purchased from VWR Canada. A water-soluble, radical AZO initiator 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) was purchased from Wako Specialty Chemicals, with a 10-h half-life decomposition temperature of T 1/2, 10 044°C in aqueous solution, which is among the lowest commercially available. Hydride and vinyl terminated 3 centistoke (cSt) silicone oils, methylhydrosiloxane-dimethylsiloxane copolymer (crosslinking agent), and a platinum divinyl-tetramethyldisiloxane catalyst were obtained from Gelest. Silicone lauryl polyether surfactants (Silube J208-612, 812) and silicone acrylate surfactants (Silmer ACR D208, Di-1508) were donated by Siltech Corp. Properties of the surfactant lines are presented in Table 1 [ [35] [36] [37] . The molecular structures and FTIR spectra of the reactive surfactants are presented in Fig. 1 .
Microemulsion preparation
An aqueous solution at pH 6 was prepared from MAA, HEMA, and 5.7 M sodium hydroxide solution, at a ratio of 2:3:4 by volume. The resulting aqueous solution contains 2.6 M MAA and 2.7 M HEMA. The oil phase was prepared with equal parts hydride and vinyl terminated 3 cSt silicone oil (1:1 M ratio) and 10 %v/v methylhydrosiloxane-dimethylsiloxane copolymer (3 %mol copolymer/mol silicone oil). For studies with non-reactive surfactants, the surfactant blend used consists of a 50/50 mixture of surfactants A and B by volume (1.1:1 molar ratio). For studies with reactive surfactants, the surfactant component consists of 100 % surfactant C or D. The systems studied here take advantage of the linker approach to microemulsion formulation, using mixtures of hydrophilic and lipophilic components to form a series of mediating connections to enhance the solubilization of one phase into the other [38] [39] [40] . As the silicone alkyl polyether surfactants are not miscible with water on their own, the MAA and HEMA act as co-solvents that mediate the formation of a microemulsion [35] .
Phase behavior studies
The phase behavior of potentially polymerizable formulations was investigated over a range of temperatures using ternary phase diagrams in order to identify compositional regions that remain isotropic and homogeneous above the 10-h half-life temperature of the Azo initiator. Ternary phase diagrams were populated with 66 samples containing varying compositions of aqueous solution, reactive oil blend, and surfactant, with compositional changes in 10 % increments by volume between adjacent samples, as previously described [35] . When adjacent compositions showed a change in phase behavior, additional samples were added in 5 % increments to more precisely resolve the phase boundary. Mixtures were characterized by the number of isotropic liquid phases and microemulsion type, if any. To determine the effect of temperature on phase behavior, samples were placed in a water bath with a Thermo Electron Corporation Haake DC 30 circulator and allowed to equilibrate for 8 h or longer, until they appeared to be visibly stable. Phase transitions were initially identified by visual observation of phase boundary location and turbidity, and confirmed by conductance measurements on formulations that formed microemulsions.
The presence of liquid crystals in homogeneous microemulsions was assessed for samples with greater than 70 % surfactant by volume and samples along the aqueous-surfactant axis of the ternary phase diagram. Five hundred microliters of each sample was deposited onto glass microscope slides with glass cover slips, and was examined under the cross-polarizing filter for birefringence.
Bicontinuity in homogeneous microemulsions was assessed by comparing its conductance to that of the aqueous phase. Conductance, indicative of aqueous phase continuity, was measured at 25°C using a VWR/Traceable portable conductivity meter with a glass probe (cell constant of 1.0/ cm) supplied by Microelectrodes, Incorporated. Measurements were taken by inserting the exposed platinum probes to the middle of a 2-mL homogeneous microemulsion. Oil continuous microemulsions are expected to have a near-zero normalized conductance (sample conductance/aqueous phase conductance), while the normalized conductance of bicontinuous samples should range from 0 to 1 [41] [42] [43] [44] .
Microemulsion polymerization
For polymerization experiments, 1 %w/v (monomer) Azo initiator and 1 to 10 %v/v (0.7-7 %mol/mol) TEGDMA were incorporated into the aqueous solution. These concentrations are reported on the basis of total MAA, HEMA, and TEGDMA content in solution. Surfactant, reactive oil blend, and aqueous solution were combined in a 3:2:5 ratio by volume based on results from phase behavior studies. This yields an aqueous monomer (HEMA and MAA) to silicone prepolymer ratio of 1.38:1 by initial volume, 1.57:1 by mass or 3.45:1 by mole. Samples were mixed vigorously for 60 s, and were then allowed to equilibrate for 24 h at 20°C. As the platinum catalyst facilitates PDMS crosslinking at room temperature, its addition is delayed in order to prevent PDMS curing during initial equilibration. Prior to polymerization, 1 %v/v (silicone phase) platinum catalyst was gently mixed into the microemulsion, which was allowed to re-equilibrate for 15 min. The resulting microemulsion was spread into a 60 mm diameter glass petri dish. Polymerization was carried out by heating the microemulsion to 50°C for 3 h in a sealed oven purged with N 2 . The resulting material was washed extensively in acetone and distilled water in order to remove the surfactant, excess monomer, and excess oligomer. Yields based on polymerizable content were 90±4, 97±2, and 97±2 % for NR-IPNs, C-IPNs, and D-IPNs, respectively (N010 polymer samples each). Control P(MAA-HEMA) hydrogels for swelling comparison were also prepared from the aqueous solution described above by heating samples for 3 h at 50°C in an N 2 atmosphere. Similarly, control PDMS samples were prepared by curing the silicone phase described above for 3 h at 50°C.
Fig. 1 FTIR spectra of reactive surfactants C and D and their molecular structure
Swelling behavior and permeation Samples for swelling studies were removed with a 4-mm biopsy punch and were placed in distilled water for 2 weeks to equilibrate. The samples were characterized by hydration, defined as the mass fraction of water in the swollen IPN (water mass/total swollen mass), with water mass calculated as the difference between total swollen and total dry mass. Permeation studies were conducted at 20°C and pH 7 using a standard two-compartment diffusion cell and IPN membranes pre-equilibrated in distilled water. An aqueous solution of vitamin B 12 in distilled water (C donor 060 μg/ mL) was loaded into the donor chamber. The receptor chamber was initially filled with an equal volume of distilled water, and was sampled at 4-h intervals. The absorbance of the samples at 362 nm was measured in a Hewlett Packard 8452a UV-Visible spectrophotometer to determine the vitamin B 12 concentration. Approximate infinite sink conditions were maintained by replacing the contents of the donor and receptor chamber with fresh vitamin B 12 solution and distilled water, respectively, after each sampling. Membrane permeability to vitamin B 12 was calculated from the average steady state flux, exposed crosssectional area and swollen membrane thickness.
Laser scanning confocal microscopy and differential scanning calorimetry While IPN domains are generally much smaller than can normally be resolved by LSCM, we employ the technique previously described by Turner et al. to image hydrogel domains in the swollen state [11] . LSCM allows for observation of continuous aqueous channels by highlighting the penetration of fluorescein through the IPN. Samples were removed with a 4-mm biopsy punch and were soaked in aqueous sodium fluorescein solution for 2 weeks. The fluorescein highlights accessible aqueous pathways, while PDMS domains and any excess surfactant remain dark. Imaging was conducted using an inverted Olympus Fluoview 300 with 488-nm excitation, 25 % laser power, FITC filter cube, and a 1.4 NA oil immersion objective. Images were captured at 512×512 pixel resolution in 8-bit gray scale. Images were taken in 0.5-μm-depth intervals. Domain sizes were calculated using the particle analyzer tools in the ImageJ picture editing software package, and were based on a comparison of highlighted and dark regions. DSC measurements were taken using a TA Instruments DSC 2010. Fifteen-milligram samples of dried IPN, control P(MAA-HEMA), and control PDMS were loaded into aluminum hermetic pans, and were heated at 2°C/min. Heat flow differential was measured against an empty aluminum hermetic pan.
Texture analysis
The textures of sample materials were analyzed in a Stable Micro Systems TA. XTplus texture analyzer with a cylindrical stainless steel probe. Samples were hydrated to equilibrium swelling. The probe was placed against the IPN surface, and was lowered to a depth of 5 mm at a rate of 0.5 mm/s. The force required to compress and penetrate the IPN was recorded as a function of time and depth, and was compared to control measurements on PDMS and hydrated P(MAA-HEMA).
FTIR analysis FTIR spectra for the reactive surfactant samples were obtained using an Perkin Elmer Paragon 500 FTIR spectrophotometer. The undiluted samples were injected in between two KBr windows.
Small-angle x-ray scattering
The small-angle x-ray scattering (SAXS) scattering profile of the non-reactive surfactant system (formulated with 3-volume parts of the mixture of surfactants A and B, 2-volume parts of the mixture of 3 cst silicone oil, and 5-volume parts of the pH 6 aqueous solution containing MAA and HEMA, as described in the "Microemulsion preparation" section) was obtained using a Hecus S3-microCaliX system set for an Xray wavelength of 1.54 Å and a q range of 0.1 to 0.52 Å −1
. The scattering intensity (counts) was integrated for 20 min.
Results and discussion

Phase behavior of reactive silicone microemulsions
The phase behavior of silicone microemulsions containing MAA and HEMA in aqueous solution, vinyl, and hydride terminated 3 cSt silicone oils and silicone-based surfactants was evaluated using pseudo-ternary phase diagrams evaluated at different temperatures. Diagrams for formulations with non-reactive silicone lauryl polyether surfactants are shown in Fig. 2 , and results for formulations with polymerizable silicone acrylate surfactants are shown in Fig. 4 . Microemulsions are classified as lower phase (excess oil), upper phase (excess aqueous solution), middle phase (excess oil and aqueous phase) or homogeneous (no excess).
The homogeneous phase can be water-continuous, bicontinuous, or oil continuous depending on the relative ratios of aqueous solution, oil, and surfactant [45, 46] . For the surfactant-oil-water ratio of 3:2:5 depicted in Figs. 2 and 4 as the polymer formulation, the SAXS profile was obtained, for the non-reactive surfactant mixture (surfactants A+B) at room temperature, and is presented in Fig. 3 . This scattering profile produces a local maximum intensity at intermediate q values, typical of bicontinuous microemulsions [46, 47] . This local maximum correlates with the characteristic length of bicontinuous microemulsions. The Teubner-Strey model of I(q)01/(a 2 +c 1 q 2 +c 2 q 4 ) for bicontinuous microemulsions is shown as a solid line in Fig. 3 [47] . According to this model, the correlation length for this structure is
Other simple estimation of the correlation distance for this preparation is d0 2π/q max 01.6 nm.
In comparing the non-reactive (mixture of surfactants A and B) and reactive surfactants (C and D), it is interesting to note that phase behavior for reactive surfactants did not change over the temperature range studied, while phase behavior for non-reactive surfactants changed significantly. This would indicate that between 10 and 20 % surfactant, the threephase region for reactive surfactants is wider than for nonreactive surfactants with respect to temperature. It may also indicate that the resolution (distance between adjacent samples in the pseudo-ternary phase diagram) was not fine enough to register slight changes in the phase boundaries. The phase behavior for these formulations is consistent with that of nonreactive systems previously studied [35] . The phase behavior above 25 % surfactant content of all three formulations presented here was stable. In addition, no liquid crystal states were detected. The larger regions of three-phase and lower phase microemulsions and the limited formation of upper phase microemulsions may indicate that the hydride and vinyl terminated silicone oils are more hydrophobic than their nonreactive, trimethylsiloxy terminated counterpart, resulting in more aqueous solution being incorporated into the microemulsion [35] . Even with the large three-phase and lower phase microemulsion regions, there remains a large, isotropic region from which to choose potentially polymerizable formulations.
In order to minimize the amount of surfactant in the formulation and to allow for comparison between reactive and non-reactive surfactants, a ratio of 5:2:3 of aqueous solution to oil to surfactant by volume was selected for further study. The polymer formulation is highlighted in Figs. 2 and 4 . This selection also helps to ensure that the formulations remain isotropic and homogeneous over the temperature range studied for all three-surfactant combinations. An upper bound for the persistence length, ξ≤36 nm was calculated for this formulation using the methodology developed by De Gennes et al. [48] and extended by Sottmann et al. [49] for bicontinuous microemulsions. In this approach, ξ06×(φ oil φ aqueous ) C s −1 A s −1 , where φ oil and φ aqueous are the volume fractions of the oil and aqueous phase, C s is the surfactant concentration, and A s is the area per surfactant molecule. The effective area per molecule, A s was estimated to be approximately 41 Å 2 using the Gibbs adsorption equation and surface tension measurement [50] [51] [52] [53] . As surfactants A and B are not water soluble, the next most hydrophilic surfactant in the series (J208-412) was used in the estimate following the trends described by Rosen [53] . The 36-nm upper bound for the characteristic length does not consider HEMA as a surface active material. Including HEMA as a surfactant component that contributes to the interfacial area (30 Å 2 /alcohol molecule [53] ), the De Gennes characteristic length is estimated as ξ~1.6 nm, which is consistent with the SAXS profile of Fig. 3 . The persistence length provides a basis for comparing the IPN morphology to the theoretical microemulsion morphology. In order to make this comparison, we must first estimate the IPN domain sizes, as described below.
Microemulsion polymerization and LSCM PDMS-P(MAA-HEMA) IPNs were prepared from bicontinuous microemulsion templates stabilized by non-reactive silicone alkyl polyether (NR-IPN, surfactants A+B) or reactive silicone acrylate (C-IPN, D-IPN) surfactants. The yield based on polymerizable material was 90±4 % for formulations with non-reactive surfactants, and 96±2 % for those with reactive surfactants. As the yield is calculated based on final dry mass, it may include entrapped surfactant, excess monomer, unreacted silicone prepolymer, and entangled oligomer that were not removed during the washing steps. To illustrate the appearance of these polymers, Fig. 5 presents sections of hydrated IPNs produced with 5 %v/v TEGDMA. Figure 5 helps illustrate that despite the fact that the initial domains in the microemulsions had a sub-micron size, and were incapable of scattering light (making the parent microemulsion transparent), the resulting IPNs ranged from cloudy (NR-IPNs) to translucent (C-IPN, D-IPN), which illustrates the change in domain size and/or phase separation as the polymerization progressed. Also, the cloudiness of the resulting IPNs could be attributed to the interaction between the excess surfactant and excess water. The silicone alkyl polyether surfactants form a high viscosity, turbid, white dispersion when mixed with water. Washing the polymer is intended to remove as much of this viscous phase as possible, in addition to excess monomer and untangled oligomer. However, the oily feel and cloudiness of the dried IPNs would suggest that some entrapped surfactant-water domains remain, reducing IPN transparency.
LSCM on samples swollen in aqueous sodium fluorescein was used to observe the hydrated polymer nanostructure. Images at equilibrium swelling for NR-IPNs at 5 %v/v TEGMDA are shown in Fig. 6 , with the top left image showing the surface that contacted the glass during polymerization. The highlighted aqueous channels suggest that both the oil and the aqueous domains are uniformly distributed, with domain size (diameter) decreasing to~300 nm at a depth of 20 μm, as shown in Fig. 7 . Near the surface, there are large, irregular, unhydrated domains which could indicate pockets of PDMS, excess surfactant, distortion and damage due to sample preparation, and the surface effects at the glass-microemulsion interface during polymerization. Hydrogel domains encapsulated by PDMS remain inaccessible to the fluorescein and would appear as dark spots. 3-D image reconstruction suggests that the dark domains are not spherical, as their dimensions are irregular. However, while this imaging supports connectivity in the aqueous channels, it does not confirm connectivity in the PDMS.
While the microemulsion provides a low viscosity bicontinuous template for the polymerization, the polymerization process itself is disruptive to this template. Changes in composition as monomer/prepolymer is consumed and changes in local temperature due to heats of reactions will affect the phase behavior, which in turn alters the microemulsion structure. Regardless of how the polymerization is conducted, the microemulsion structure changes with time. Several approaches to counter this effect have been reviewed earlier, such as partially quenching one phase so as to provide a higher viscosity template for the desired morphology, or introducing polymerizable surfactants. In simultaneous polymerization, the goal is to quench the desired morphology faster than the rate at which the microemulsion structures can shift in response to changing 
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Average Domain Diameter (nm) Fig. 7 Average domain size obtained using image analysis to evaluate the dark domains in the LSCM pictures captured during the depth profile of fluorescein-saturated NR-IPN (e.g., pictures in Fig. 6 ) produced with 5 %v/v TEGDMA conditions. The change in average NR-IPN domain size with respect to depth is expected as the impact of surface/interfacial effects is reduced [11] . However, LSCM imaging also shows that the domain size within each cross-section seen in Fig. 6 is not uniform. This non-uniformity may be a result of changes in microemulsion phase behavior, and consequently the domain size of the template as the polymerization progresses. In effect, there is a gradient in the IPN domain size that depends on the remaining monomer/prepolymer at a given time-the reaction vessel and its contents are dynamic. In contrast, the bulk microstucture seen in C-IPNs and DIPNs at equilibrium swelling is both finer and more uniform over the same depth profile than in NR-IPNs at 5 %v/v TEGDMA, as shown in Fig. 8 . Bicontinuous microemulsions are commonly associated with characteristic lengths of <100 nm [15] [16] [17] [18] 20] . The persistence length for the microemulsion templates used in this work was estimated to be ≤36 nm, corresponding to diameters of ≤72 nm. As the image of IPNs presented here are at equilibrium swelling, swelling characteristics will aid in comparing the persistence length with the expected IPN domain sizes.
DSC and texture analysis
A typical differential scanning calorimetry (DSC, third run) curve comparing dried NR-IPNs at 5 %v/v TEGDMA to the PDMS and P(MAA-HEMA) controls used in formulation is presented in Fig. 9 . The DSC curve for the NR-IPN does not show the glass transition temperature of the P(MAA-HEMA) control at 285°C, indicating that the hydrogel and PDMS components have not phase separated in the NR-IPN. The reversible glass transition temperature was surprisingly high, perhaps owing to the relatively high crosslinker content. The lack of a P(MAA-HEMA) glass transition temperature in the NR-IPN may be attributed to the restricted mobility of the hydrogel chains in the IPN structure. Li et al. [54] and Haraguchi et al. [49] have previously reported on the effects of steric hindrance on IPN thermal behavior. The slope for NR-IPN curve is partway between that of the control hydrogel and control PDMS, consistent with behavior reported by Liu et al. [10] .
Typical penetration force measurements are presented in Fig. 10a for sample IPNs (3 %v/v TEGDMA) at equilibrium hydration. A comparison of peak penetration forces between IPNs, control PDMS, and control hydrogel (3 % v/v TEGDMA) at a depth of 5 mm is presented in Fig. 10b . The relative forces, measured as a resistance to penetration by the cylindrical probe, are indicative of the mechanical strength. The hydrated hydrogel, for example, offers little resistance, reaching its peak force at a depth of~3.25 mm. The hydrated NR-IPN, C-IPN, and D-IPN reached normalized peak forces of 0.17, 0.24, and 0.6 (actual peak forces of 8 N) , respectively, at a depth of 5 mm when compared to PDMS alone. As previously described, one of the goals in formulating silicone hydrogels is to impart the mechanical properties of PDMS to the final material, and this effect is evident in the texture analysis comparison. The normalized peak forces indicate that mechanical strengths of the C-IPNs and D-IPNs exceed that of the NR-IPN, which is consistent with the expected higher silicone content contributed by the reactive surfactants. However, as the silicone content in the C-IPN and D-IPN are expected to be equal, the difference in peak forces might suggest a higher degree of hydrogel crosslinking in the D-IPN as a consequence of surfactant D's acrylate multifunctionality.
Swelling behavior and permeability
A comparison of swelling behavior between NR-IPNs and the P(MAA-HEMA) control is presented in Fig. 11 for varying concentrations of TEGDMA. A comparison of maximum hydration for non-reactive and reactive surfactant formulations is presented in Fig. 12 . Swelling kinetics and equilibrium hydration for each material decrease with increasing crosslinking density, consistent with expected trends. However, the swelling kinetics and equilibrium hydration of microemulsion-templated IPNs were found to equal or exceed values for the control P(MAA-HEMA); this observation is inconsistent with expectations. A possible explanation is that TEGDMA partitions into the PDMS phase during microemulsion equilibration and polymerization processes, resulting in a lower effective crosslinking density in the hydrogel phase of the IPN.
Vitamin B 12 permeability through IPNs made with 3 % TEGDMA as measured from diffusion cell experiments are shown in Fig. 13 . Figure 13 also shows the range of literature estimates of the diffusion coefficient for vitamin B 12 in water (3.79×10 −6 to 4.4×10 −6 cm 2 /s) [55] [56] [57] [58] , and for comparison, the VB 12 permeability through 90 % hydration PDMS-PMAA IPN reported by Turner et al. [59] . It is interesting to note that although MAA and HEMA make up~64 % of polymerizable mass in the non-reactive surfactant formulations, and~40 % of polymerizable mass in the reactive surfactant formulations, the NR-IPNs and C-IPNs consistently showed higher levels of hydration based on total mass than the control P(MAA-HEMA) hydrogels at the same theoretical crosslinking density. A higher degree of hydration is normally associated with lower effective crosslinking density. The lower hydration and permeability reported for DIPNs can be attributed to surfactant D being multifunctional. Molecules of surfactant C (linear difunctional, acrylate end groups) can have 0, 1, or 2 polymerizable acrylate groups, with an average of 1.5. On the other hand, molecules of surfactant D (multifunctional, acrylate pendant groups) nominally contain an average of two acrylate groups, but manufacturing limitations suggest that a range can be expected [36] . The swelling behavior suggests that surfactant D acts as an additional crosslinker (increasing the effective crosslinking density), while surfactant C may behave as a chain extender and terminator (decreasing the effective crosslinking density). Furthermore, permeability data indicates that surfactant D may play a role in reduced aqueous continuity. In either case, the swelling of IPNs formed from microemulsion templates was not expected to exceed that of the control P(MAA-HEMA) hydrogels on a P(MAA-HEMA) mass basis, and indicates a much lower effective crosslinking density than in the controls. A plausible explanation might be that the crosslinking agent, TEGDMA, partitions into either the oil or surfactant phase during equilibration.
While P(MAA-HEMA) is hydrophilic, the monomers MAA and TEGDMA are known to readily swell crosslinked PDMS [8, 11, 12] , providing a potential mechanism for loss of monomer and crosslinker from the aqueous phase. In order to test this hypothesis, 100-mg samples of cross-linked PDMS were swollen in TEGDMA, yielding an equilibrated swollen mass of 128±4 mg (n010). This effect is compounded by the relatively low solubility of TEGDMA in water compared to MAA and HEMA. Thus, monomer consumption and MAA migration may lead to a reduction in the solubility of TEGDMA in the aqueous phase, and may promote partitioning of TEGDMA into the silicone rubber. This segregation of reactive components as polymerization proceeds may provide an explanation for both the lower effective crosslinking and the variation in NR-IPN domain size observed. Also, we speculate that as the mediating connections between the aqueous phase and surfactant formed through MAA and HEMA are eliminated, there is a corresponding shift in the phase behavior of the remaining liquid phases away from the initial bicontinuous morphology. The polymerizable surfactants may aid in stabilizing the initial structure by increasing the viscosity of the formulation during the polymerization process, as demonstrated by the more uniform swollen IPNs. However, this would not prevent the partitioning of MAA, HEMA, and TEGMA out of aqueous solution.
Finally, by evaluating the swelling data, domains sizes obtained through LSCM and the calculated persistence length, we can compare the IPN morphology to that of the microemulsion template. Swollen NR-IPNs at 5 %v/v TEGDMA increased in volume by a factor of~3.5, while C-IPNs increased in volume by a factor of~5. With the simplifying assumption that the IPNs swell evenly, we would expect swollen characteristic lengths (radius) of <55 nm in NRIPNs and <62 nm in C-IPNs. These estimates are consistent with the domains seen for C-IPNs in Fig. 8 , though the [56] [57] [58] swollen NR-IPNs in Fig. 6 had characteristic lengths (radius) of ≥150 nm. While polymerizable surfactants have previously been reported as helping to preserve microemulsion structure and domain size in polymerized micellar (water in oil) systems [28] , this result supports the hypothesis that polymerizable surfactants can also be used to limit changes in the domain sizes expected in a bicontinuous microemulsion.
These results open the door to formulations combining a variety of hydrophilic materials with PDMS. More importantly, the dependence of microemulsion structure on phase behavior may allow for a wide range of possible templates in the future. It is worthwhile to note that there is currently a limited availability of surfactants appropriate for use in simple polymer systems, and polymerizable surfactants in particular. It is our hope that continued progress in the study of reactive microemulsions will encourage the development and characterization of surfactants that promote phase behavior and morphological stability over a wider range of potential reaction environments.
Conclusions
In this work, we have presented a simple process for simultaneous polymerization of PDMS-P(MAA-HEMA) IPNs templated on bicontinuous microemulsions and stabilized by silicone alkyl polyether and silicone difunctional and multifunctional acrylate surfactants. Previously, combining hydrophilic components with PDMS has required sequential polymerization with multiple curing and equilibration steps [8] [9] [10] [11] [12] . Successful polymerization of bicontinuous formulations has required using one phase as a high viscosity scaffold for polymerization of a second phase [29] [30] [31] [32] . We have shown that with appropriate characterization and selection of components [35] , we can formulate a low viscosity, reactive bicontinuous microemulsion that yields a hydrogel-PDMS IPN in one polymerization step. The swelling behavior and permeability of the resulting polymer materials indicate the formation of a hydrogel phase. LSCM on IPNs swollen in sodium fluorescein solution confirms connectivity in the aqueous phase, and also confirms that both phases are well distributed with swollen domain sizes of <1 μm. Furthermore, we have shown that the introduction of polymerizable surfactants can aid in preserving some of the structure of the bicontinuous microemulsion template, reducing swollen domain size to <200 nm. Previous reports in the literature had focused on micellar (water in oil) systems [28] . While most IPNS are considered twophased, this work also expands on the classical definition of IPNs to a scale of entanglement at the level of groups of polymer chains, as opposed to chain-level entanglement on the Angstrom scale.
